The exploitation of enzymes for biotransformation reactions for the production of new and safer drug intermediates has been the focus of much research. While a number of enzymes are commercially available, their use in an industrial setting is often limited to reactions that are cost-effective and they are rarely investigated further. However, the development of miniaturized flow reactor technology has meant that the cost of such research, once considered cost-and time-inefficient, would be much less prohibitive. The use of miniaturized flow reactors for enzyme screening offers a number of advantages over batch enzyme assay systems. Since the assay is performed on a miniaturized scale, enzyme, substrate and cofactor quantities are significantly reduced, thus reducing the cost of laboratory-scale investigations. Since flow reactors use microfluidic systems, where the substrate and products flow out of the system, the problems of substrate inhibition and product inhibition encountered by some enzymes are avoided. Quite often, enzymes fulfil a single-use function in biotransformation processes; however, enzyme immobilization allows enzyme reuse and often helps to increase enzyme stability. We have used an aminoacylase enzyme with potential use for industrial biotransformation reactions and have successfully immobilized it in miniaturized flow reactors. This l-aminoacylase is from the thermophilic archaeon Thermococcus litoralis. Two approaches to enzyme immobilization have been examined, both involving enzyme cross-linking. The first reactor type has used monoliths, to which the enzyme was attached, and the second contained previously cross-linked enzyme trapped using frits, in the microfluidic channels. Two different microreactor designs were used in the investigation: microreactor chips for the monoliths and capillary flow reactors for the cross-linked enzyme. These systems allowed passage of the substrate and product through the system while retaining the aminoacylase enzyme performing the catalytic conversion. The enzyme has been successfully immobilized and used to produce stable biocatalytic microreactors that can be used repeatedly over a period of several months.
Introduction
In tandem with the quest for newer, better biocatalysts for a multitude of purposes is the search for the best system in which to carry out such investigations. While batch reactions have been widely used for this purpose, they are not the most efficient systems available. Microfluidic devices offer a number of advantages, since their small size means a reduction in reagent, enzyme and cofactor requirements, reduced cost of operation and a potential for increased throughput [1, 2] . Although enzymes can be used in solution, immobilization allows their use in miniaturized flow reactors to be further optimized. It promotes enzyme retention in the microreactor and, in many cases, enzyme stability is significantly improved. For this reason, most enzymes used in microfluidic flow reactors are immobilized prior to use [2, 3] .
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Microreactors
Microfluidic flow reactors are miniaturized reaction systems, containing channels of micrometre diameter, fabricated using a combination of microtechnology and precision engineering ( Figure 1 ) [4] . They have found applications in a number of fields, environmental and toxicity analysis [5] , analytical analysis [6] , catalyst screening [7] and synthetic chemistry [8] [9] [10] , leading to their application in the pharmaceutical and fine chemical industries [11] . Microreactors offer a number of advantages over conventional batch reactor systems. Their smaller size, compared with larger batch reaction systems, means that they are portable, a definite advantage for environmental analysis, offering an on-site solution. Their size and nature also allow for greater control of system variables, a benefit in the case of catalyst screening and synthetic chemistry, where slight variations can result in significant deviations in product formation and purity. They offer a number of advantages for enzyme analysis, not least of which is the smaller enzyme, substrate and cofactor quantities required to achieve similar results to batch reactors.
A number of microfluidic flow reactor designs have been developed [4, 9, 11, 12] . There are also a range of materials used to make microreactors: glass, quartz, silicon, polymers and metals, with glass being the most widely used substance for synthetic applications, due to its chemical inertness [8] .
Biocatalysis in microfluidic flow reactor
The low uptake, by industry, of enzymes as catalysts can be attributed to the perception that they are much less stable than chemical catalysts, have very narrow substrate ranges and are expensive to produce and use on a large scale. These issues can be overcome by using immobilized enzymes on a small scale and incorporating screening as an early step in enzyme selection. A number of options can be considered for enzyme immobilization but the method selected is usually determined by a combination of factors, including the enzyme itself and the reactor to be used for the analysis. In microreactors, it is essential that excessive back-pressure is not generated by the immobilized enzyme, so any technique must be proven to cause minimal back-pressure or be adjusted to limit back-pressure.
A number of approaches have been investigated with regard to enzyme immobilization in microreactors; these include the use of monoliths [2] , cross-linked enzymes [13] , agarose beads [14] , CPG (controlled pore glass) [15] and adsorption on a microchannel surface [16] . There has been some success in the application of trypsin immobilization in microreactor channels. Peterson et al. [2] immobilized trypsin on porous polymer monoliths, to which the enzyme was covalently bound via the azlactone groups on the monolith surface. Cleavage of a low-molecular-mass substrate, N-α-benzoyl-L-arginine ethyl ester, and two proteins, casein and myoglobin, was demonstrated. Immobilization of trypsin by adsorption on a PVDF membrane was achieved by Gao et al. [16] . Cytochrome c and RNase A were successfully digested in such microreactors and trypsin retained activity for 2 weeks. Trypsin has also been immobilized on agarose beads in microreactors [14] . Trypsin digestion of melittin within a microreactor chip was shown to occur at a faster rate than in a cuvette, whereas trypsin immobilization in larger channels resulted in digestion of two larger proteins, cytochrome c and BSA. Thomsen et al. [17] immobilized a thermophilic β-glycosidase by cross-linking it to the PDMS (polydimethylsiloxane) on the microchannel surface. Continuous conversion of lactose was demonstrated at 80
• C. Banu et al. [15] immobilized alkaline phosphatase and xanthine oxidase on controlled pore glass in microreactor channels and demonstrated enzyme activity when assayed with PNPP (p-nitrophenyl phosphate) and hypoxanthine respectively.
Honda et al. [13] immobilized the mesophilic L-aminoacylase from Aspergillus sp. The enzyme, immobilized in the form of CLEAs (cross-linked enzyme aggregates), was assayed for its conversion of the substrate N-acetyl-Lphenylalanine from a racemic mix of the L-and D-form and the product was separated from N-acetyl-D-phenylalanine by addition of an organic solvent. Zhao and Gomez [18] demonstrated biocatalysis in capillary microreactors using substrate and enzyme plugs; the model systems studied were (i) the conversion of NAD + into NADH, in combination with the conversion of glucose into glucose 6-phosphate, by hexokinase and (ii) the conversion of adenosine diphosphate to adenosine monophosphate by acid phosphatase. Microreactors have also been used to demonstrate the use of enzymes in combination. Zhao and Gomez [19] used combinations of enzymes in solution in microreactors, with hexokinase and apyrase in one reactor and lactate dehydrogenase and glucose-6-phosphate dehydrogenase in another, illustrating how free-flowing enzymes can be applied in a single-use format in microreactors; however, without enzyme retention within the microreactor the cost of use could prove prohibitive.
Immobilization and use of l-aminoacylase in microfluidic flow reactors
In the present study, a thermophilic enzyme, L-aminoacylase (EC 3.5.1.14) from Thermococcus litoralis, previously cloned into Escherichia coli [20] , was used. In contrast with the enzyme studied by Honda et al. [13] , this enzyme is thermophilic and has different substrate specificity, preferring substrates with benzoyl-and chloroacetyl-as the Nprotecting groups [21] . A number of immobilization methods were considered for the immobilization of L-aminoacylase with a view to its use in microfluidic flow reactors. A previous study to immobilize this enzyme on glyoxyl-Sepharose and Amberlite XAD7 has been carried out [22] ; however, these methods were not considered appropriate for the microreactor since they would develop too much back-pressure.
The first immobilization technique employed for the microreactor was the use of CLEAs [23] . An enzyme solution was submitted to ammonium sulfate precipitation and the precipitate was cross-linked using formaldehyde. The CLEAs were washed with water and dried in a desiccator. The CLEAs were combined with CPG and then packed in capillary reactors and trapped by a silica frit. Samples were taken after 1 h and analysed by HPLC, using a mobile phase of acetonitrile/phosphoric acid (45:55, v/v) and a C 18 ODS (octadecylsilane) column. Analyses indicated that the enzyme, while thermophilic, would achieve 100% substrate conversion at temperatures much lower than its optimum temperature of 85 • C ( Table 1 ). The CLEA-immobilized enzyme retained activity for at least 2 months during storage at 4
• C.
L-Aminoacylase was also immobilized on monoliths in microreactor channels. The enzyme was pumped through the channels where it became immobilized by binding to epoxide groups on the surface of the monoliths, and was washed through to remove all unbound enzyme. The enzyme was assayed with the preferred substrate, N-benzoyl-Lphenylalanine, and was also found to achieve 100 % substrate conversion. The enzyme was shown to retain activity for at least 3 days on monoliths in the microreactor channels.
Discussion
The use of enzymes in biotechnology applications is increasing and microreactors are one possible method of rapidly carrying out enzyme screening and reaction optimization. They provide the opportunity to reduce the cost of the investigation, only requiring microlitre amounts of substrate rather than the millilitre requirements of batch investigations and, in combination with enzyme immobilization, allow enzyme recycling, thereby further reducing the potential costs of the biocatalytic screening processes. Since the substrates and products are continually flowing through the microreactor system, it also reduces the problems associated with substrate or product inhibition, which can become a real issue with the use of batch reactors where the enzyme remains in prolonged contact with high substrate concentrations and the biocatalytic products.
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